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Abstract

Dysmenorrhea is directly related to elevated PGF,, (prostaglandin F,,) levels. It is treated
with NSAIDs (nonsteroid antiinflammatory drugs) in Western medicine. Since NSAIDs produce
many side effects, Chinese medicinal therapy is considered as a feasible alternative medicine.
Many special physiological components (ex: Resveratrol) in Chinese medicine have been isolated
and identified. Resveratrol have a lot of physiological functions like anti-oxidation and
anti-cancer effects. However, the relationship between uterine smooth muscle contraction and
resveratrol remains veiled. We studied the in vitro effects of resveratrol on uterine smooth muscle
contraction. The uterus was separated from female SD rat and uterine smooth muscle contraction
activity was measured and recorded. Resveratrol inhibited uterine contractions induced by PGF,,,
Ca®" channel activator Bay K 8644, and high K* in a concentration-dependent manner in vitro;
furthermore, resveratrol inhibited the Ca®*-dependent uterine contractions. Thus, resveratrol
consistently suppressed the increases in intracellular Ca** concentrations ([Ca®*]i) induced by
PGF,, and high K*. Thus, resveratrol probably inhibited uterine contraction by blocking external
Ca®* influx, leading to a decrease in [Ca®*]i. Thus, resveratrol may be considered as a feasible
alternative therapeutic agent for dysmenorrhea.

Key word: Resveratrol, uterine smooth muscle, contraction, dysmenorrhea
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Effects of Resveratrol, a Grape Polyphenol, on Uterine
Contraction and Ca?" Mobilization in Rats in Vivo and
in Vitro

Shih-Min Hsia, Kai-Lee Wang, and Paulus S. Wang

Department of Nutrition and Health Sciences (S.-M.H.), School of Healthcare Management, Kainan
University, Taoyuan 33857, Taiwan, Republic of China; Department of Physiology (K.-L.W., P.S.W.),
School of Medicine, National Yang-Ming University, Taipei 11221, Taiwan, Republic of China;
Department of Medical Research and Education (P.S.W.), Taipei City Hospital, Taipei 10431, Taiwan,
Republic of China; and Department of Medical Research and Education (P.S.W.), Taipei Veterans General
Hospital, Taipei 11217, Taiwan, Republic of China

Dysmenorrhea is directly related to elevate prostaglandin F (PGF),,, levels. In Western medicine, this
condition is treated using nonsteroidal antiinflammatory drugs. Because nonsteroidal antiinflamma-
tory drugs produce many side effects, Chinese medicinal therapy is considered as a feasible alternative
for treating dysmenorrhea. Many special physiological components used in Chinese medicine, such as
resveratrol, have been isolated and identified. Resveratrol has many physiological functions, such as
antioxidation and anticarcinogenic effects. However, the relationship between uterine smooth muscle
contraction and resveratrol remains unknown. Here, we studied the in vitro and in vivo effects of
resveratrol on uterine smooth muscle contraction. The uterus was separated from a female Sprague
Dawley rat, and uterine smooth muscle contraction activity was measured and recorded. The results
demonstrated that 1) resveratrol treatment inhibited PGF,_-, oxytocin-, acetylcholine-, and carbachol-
induced uterine contractions in rats; 2) resveratrol inhibited uterine contractions stimulated by the
Ca’* channel activator (Bay K 8644) and depolarization in response to high K (KCl); 3) resveratrol
inhibited PGF,_-induced increases in the [Ca®*]i in human uterine smooth muscle cells; 4) resveratrol
could mimic Ca?* channel blockers to block Ca?* influx through voltage-operated Ca?* channelsin the
plasma membrane; and 5) resveratrol inhibited PGF,_-induced uterine contractions in rats in vivo.
Resveratrol inhibited uterine contractionsinduced by PGF,_and high K™ in a concentration-dependent
manner in vitro; furthermore, it inhibited Ca?*-dependent uterine contractions. Thus, resveratrol
consistently suppressed the increases in intracellular Ca®* concentrations ([Ca®*]i) induced by PGF,,,
and high K* concentrations. It can be assumed that resveratrol probably inhibited uterine contraction
by blocking external Ca®* influx, leading to decreased [Ca®*]i. Therefore, resveratrol can be considered
as a feasible alternative therapeutic agent for dysmenorrhea. (Endocrinology 152: 2090-2099, 2011)

ysmenorrhea, or painful menses, is one of the most

common gynecological complaints among adoles-
cent and young adult women and is the leading cause of
absenteeism (1). It is characterized by cramps and lower
abdominal pain and may be associated with nausea, vom-
iting, diarrhea, headache, dizziness, and/or back pain. Pri-
mary dysmenorrhea affects most women throughout the
menstrual years. The prevalence of dysmenorrhea varies
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among women across countries, and women who regu-
larly experience menstrual pain constitute approximately
72-90% of the population of young women in the United
States (2, 3), 58% in China (4), 34% in Japan (5), and
approximately 73% in Taiwan (6). However, the cause of
dysmenorrhea remains unclear. Prostaglandin (PG) re-
lease is believed to be a pathogenetic factor in both dys-
menorrhea and endometriosis. Previous studies have re-

Abbreviations: Ach, Acetylcholine; COX-2, cyclooxygenase-2; DMSO, dimethyl sulfoxide;
HutSMC, human smooth muscle cell; MLC, myosin light chain; PG, prostaglandin; ROC,
receptor-operated channel; VOC, voltage-operated channel.

Endocrinology, May 2011, 152(5):2090-2099
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ported that PGF,, levels are elevated in women with
primary dysmenorrhea as compared with their asymp-
tomatic counterparts (7). PGF,, stimulates uterine con-
traction and vasoconstriction, which may lead to ischemia
and the pain symptoms of dysmenorrhea (8, 9). PGF,,,
could cause the constriction of uterine smooth muscle or
small endometrial blood vessels after tissue ischemia and
endometrial disintegration, resulting in bleeding and pain
(10, 11).

Resveratrol is present in grapes and red wine (12-14).
The resveratrol content in red grapes ranges from 1.5 to
7.3 pnglg (13). Recently, many studies have demonstrated
that it is a potent antioxidant with antiinflammatory, an-
tiplatelet aggregation, antiproliferation of cancer (e.g.
ovary and prostate cancer), and vasorelaxation properties
(12, 15-20). Although resveratrol has a lot of physical
effects, its action on uterine complications and the under-
lying mechanisms remain unclear. The purpose of the
present study was to examine the direct effects of resvera-
trol on uterine smooth muscle contraction in rats in vivo
and in vitro. This study is the first to report the effects and
mechanisms of action of resveratrol in rat uterine smooth
muscle tissue and primary human smooth muscle cells
(HutSMCs), which is mediated through Ca®" pathway.

Materials and Methods

Drugs and solutions

SMC growth medium-2 and supplement were purchased
from PromoCell Co. (Heidelberg, Germany). The Ca®* channel
activator Bay K8644 was purchased from Cayman Co. (Ann
Arbor, MI). Penicillin G, sodium bicarbonate, oxytocin, strep-
tomycin sulfate, HEPES, PGF,_, carbachol, acetylcholine (Ach),
mannitol, glucose, potassium chloride, potassium phosphate,
magnesium sulfate, calcium chloride, resveratrol, and dimethyl
sulfoxide (DMSO) were purchased from Sigma Chemical Co.
(St. Louis, MO). A stock solution of resveratrol (100 mm), Bay
K 8644 (5 X 1072 m), and PGF,,, (5 X 1073 M) was prepared
using DMSO. The final using concentration of DMSO in uterine
segments or cells was less than 0.2%. A stock solution of oxy-
tocin (5 X 1073 M), Ach (5 X 1073 M), and carbachol (5 X 1072
M) was prepared using deionized water. Antibodies directed
against the following proteins were used in this study: myosin
light chain (MLC)20 (sc-15370; Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) and phospho-Ser19-MLC20 (2249; Cell Sig-
naling, Danvers, MA).

Uterine preparations and measurement of uterine
contraction

Female Sprague Dawley rats weighing 200-300 g were
housed in a temperature-controlled room (22 = 1 C) with arti-
ficial illumination for 14 h/d (0600-2000 h), with food and
water provided ad libitum. The investigations were conducted in
accordance with the Guide for Care and Use of Laboratory An-
imals (National Yang-Ming University).

endo.endojournals.org 2091

Uterine preparations and measurement of uterine contraction
were carried out as previously described (21). In the experiment,
the six rats that were confirmed to be in the estrous stage by
microscopic examination of a vaginal smear were decapitated,
and both uterine horns were surgically removed and placed in a
Petri dish containing Krebs’s solution [113 mMm NaCl, 4.8 mm
KCl, 2.5 mm CaCl,, 18 myv NaHCO», 1.2 mv KH,PO,,, 1.2 mu
MgSQO,, 5.5 mM glucose, and 30 mM mannitol (pH 7.4)]. After
removing the adherent fat and mesenteric attachments, each
uterine horn was cut into three equal-length (~10 mm) segments;
these were used for the measurement of the uterine oscillatory
contraction. The preparations were placed in isolated organ
baths, incubated in a physical solution at 37 C, and bubbled with
95% O, and 5% CO,. The preload was 1 g, and the equilibration
period was not less than 60 min. The Krebs’s solution was
changed every 20 min. After equilibration, uterine segments were
treated with different drugs (10~° M PGF,_, 10~° M oxytocin,
1073 M carbachol, 107¢ M Ach, 107¢ M Bay K 8644, or 50 mm
KCI) to stimulate uterine contraction. Resveratrol was then
added to the tissue bath in a cumulative manner at bath concen-
trations of 10, 25, 50, 75, and 100 uM at 10-min intervals. As
solvent control, respective cumulative concentrations of DMSO
were applied. The contractions were recorded using force dis-
placement transducers (PowerLab recorder ML785; PowerLab,
Castle Hill, New South Wales, Australia) by using Chart 5.1
software (PowerLab). To adjust for variations between individ-
ual uterine strips, the mean amplitude and frequency values for
the pre- and postexposure intervals were expressed as a percent-
age of control values. Contractile activity (mean amplitude and
frequency) during the control period was taken as 100%.

HutSMCs culture

HutSMCs were purchased from PromoCell Co. HutSMCs were
cultured in SMC growth medium-2 containing 5% (vol/vol) fetal
calf serum, 0.5 ng/ml epidermal growth factor, 2 ng/ml basic fibro-
blast growth factor, and 5 ug/ml insulin (PromoCell Co.); seeded in
a 24-well plate; and incubated at 37 C in SMC growth medium-2
containing 100 U/ml penicillin and 100 ug/ml streptomycin. After
incubation for approximately 24 h, the uterine SMCs were collected
and intracellular calcium mobilization was measured.

Measurement of [Ca?*]i

HutSMCs were treated with 10, 25, 50, 75, or 100 uM res-
veratrol and 200 nm PGF, , for 24 h. They were then harvested
using the culture medium and washed twice with the same me-
dium. A cell suspension (1 X 10 cells/ml) was loaded with 5 mg
of fura 2-acetoxymethyl ester (Fluka Chemical Corp., Milwau-
kee, WI) dissolved in 5 ml of DMSO. A fluorescent probe was
used for monitoring the intracellular calcium concentrations
([Ca®™]i). The cells were incubated in the dark for 30 min at 37
C. After extensive washing, 1 X 10° cells were resuspended in 2.5
ml loading buffer (152 mm NaCl, 1.2 mm MgCl,, 2.2 mMm CaCl,,
4.98 mMm KCl, and 10 mm HEPES). Fluorescence emission at 505
nm was monitored at 37 C by a dual-wavelength spectrometer
system, with excitation at 340 and 380 nm. Free [Ca®"]i was
calculated using the method developed by Grynkiewicz ez al. (22)
by using the ratio of fluorescence intensities obtained every sec-
ond with a dissociation constant of 135 nM. The dye was con-
sidered saturated after lysis with digitonin at the final concen-
tration of 0.16 mM. Minimum fluorescence was determined by
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adding 0.5 ml EGTA (Sigma Chemical Co.) to obtain a final
concentration of 8 mM.

Western blotting for MLC20 and
phospho-Ser19-MLC20

After uterine muscle strips treatment with vehicle (DMSO)
and resveratrol for 20 min at 37 C, the treatment uterine strips
were collected and frozen immediately in liquid nitrogen. The
strips were homogenized in homogenization buffer (pH 8.0) con-
taining 1.5% Na-lauroylsarcosine, 1 X 10~% M EDTA, 2.5 X
1073 M Tris-base, 0.68% phenylmethylsulfonylfluoride, and
2% proteinase inhibitor cocktail and then disrupted by ground-
glass homogenizer in ice-cold buffer. Tissue extracts were cen-
trifuged at 13,500 X g for 10 min. The supernatant fluid was
collected, and the protein concentration was determined. Ex-
tracted proteins were denatured by boiling for 5 min in sodium
dodecyl sulfate buffer (0.125 M Tris-base, 4% sodium dodecyl
sulfate, 0.001% bromophenol blue, 12% sucrose, and 0.15 M
dithiothreitol). The proteins (20 pg) in the samples were sepa-
rated on 12.5% SDS-PAGE at 50 V for 30 min and then at 90 V
for 90 min using a running buffer. The proteins were transferred
to polyvinylidene difluoride membranes (NEN Life Science
Products, Inc., Boston, MA) using a Trans-Blot semidry trans-
fer cell (170-3940; Bio-Rad, Hercules, CA) at 64 mA (for 8 X
10 mm membrane) for 45 min in a blotting solution. Enhanced
chemiluminescence detection reagent (PerkinElmer Life Sci-
ence, Waltham, MA) was used to visualize the immunoreac-
tive proteins on polyvinylidene difluoride membranes after
transfer. The quantification software was Multi-Gauge ver-
sion 3.0.

Measurement of uterine contraction in vivo

In the experiment, the rats that were confirmed to be in the
estrous stage by microscopic examination of a vaginal smear
were used. They were anesthetized with pentobarbitone (18 mg
in 0.3 ml, ip). A small midportion of a uterine horn with asso-
ciated mesometrium was obtained through a ventral incision
made in the skin and body wall. A 1- to 2-mm-long incision was
made at the distal end of the exposed uterus, and a thin, finger-
shaped latex balloon was attached to a polyethylene catheter
(Becton Dickinson, Franklin Lakes, NJ), which was a modifica-
tion of a method described in a previous study (21, 23, 24). The
catheter was connected to a transducer (PowerLab recorder
ML785). Then, the rats were catheterized via the right jugular
vein and injected with PGF,, (PGF,, 0.2 mg/kg) or PGF,, plus
resveratrol (0.5, 1, or 2 mg/kg) via the jugular catheter, and the
contractions were recorded by this transducer with Chart 5.1
software (PowerLab).

Statistical analysis

Data are presented as the mean = SEM of several preparations
from different animals. The statistical significance of differences
between the groups was analyzed by one-way ANOVA by using
SPSS software, version 11.0 (SPSS, Inc., Chicago, IL). Compar-
isons between the mean values of groups were performed using
one-way ANOVA and Duncan’s multiple-range test. For com-
parison between two groups, Student’s # tests were used. Differ-
ences between two mean values were considered statistically sig-
nificant when P < 0.05 and highly significant when P < 0.01.
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Results

Effects of resveratrol on PGF,_-induced uterine
contractions in the rats

To investigate the potential inhibition of PGF, -in-
duced uterine contraction by resveratrol in rats, we first
examined the effect of resveratrol on PGF, -induced uter-
ine contraction. PGF,_ is a major factor inducing uterine
contractions during dysmenorrhea. As shown in Fig. 1,
PGF,, (107° m) increased contractile force (amplitude)
and frequency, and exposure of rat uterine smooth mus-
cles to resveratrol (10, 25, 50, 75, and 100 uMm) inhibited
the PGF, -induced contraction in a dose-dependent man-
ner (n = 6 rats; n = uterine segments, n = 6; *, P < 0.05
or ** P < 0.01; Duncan’s multiple-range test) (Fig. 1) as
compared with the contraction observed in the control
group. We also assessed cell viability using a recovery
study. We determined that by removing the inhibitory sub-
stance and washing the tissue with Krebs’s solution for 20
min, then reanalyzing the tissue in the presence of a stim-
ulus (107° M PGF,,). From our results, we found that
PGF,, could reverse the inhibition after removing the res-
veratrol (Fig. 1).

Effects of resveratrol on oxytocin-induced uterine
contractions in the rats

Oxytocin is a nonapeptide hormone that produces uter-
ineand mammary gland contractions. Both tissues contain
oxytocin receptors. To determine whether resveratrol ex-
erted an inhibitory effect on oxytocin-induced uterine con-
tractions in rats, we observed the effects of resveratrol on
uterine contractions induced by oxytocin (107° M) in
vitro. Different doses of resveratrol (10, 25, 50, 75, and
100 um) were administered along with oxytocin (106 m),
and at concentrations of 10-100 M, resveratrol was
found to exert an inhibitory effect on uterine contractile
force (amplitude) and frequency (n = 6 rats; n = uterine
segments, n = 6; *, P < 0.05 or **, P < 0.01; Duncan’s
multiple-range test) (Fig. 2) as compared with the control
group.

Effects of resveratrol on Ach-induced uterine
contractions in the rats

We observed the effects of resveratrol on uterine con-
tractions induced by 107¢ M Ach in vitro. The adminis-
tration of different doses of resveratrol (10,25, 50,75, and
100 um) along with Ach (107 M) revealed that 10-100
uM resveratrol exerted an inhibitory effect on uterine con-
tractile force (amplitude) and frequency in rats (n = 6 rats;
n = uterine segments, n = 6; *, P < 0.05 or **, P < 0.01;
Duncan’s multiple-range test) (Fig. 3) as compared with
the control group.
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FIG. 1. Effect of resveratrol on PGF, -induced uterine contractions in the rats. Rat uterine segments were treated with PGF,,, (10~° m) and
exposure of rat uterine smooth muscles to vehicle (DMSO) or resveratrol (10, 25, 50, 75, and 100 um). Representative recordings of PGF, -
induced contractions treated with vehicle (DMSO) only (A) and the effects of cumulative additions of resveratrol (10-100 um) (B) are shown.
C, Dose-dependent effects of resveratrol on the mean peak amplitude. D, Dose-dependent effects of resveratrol on the frequency. E and F,
Recovery test about resveratrol on PGF, -induced uterine smooth muscle contractions in the rats. 1st, First PGF,,, treated; 2nd, Second
PGF,, treated after wash. PGF,,-induced contractions before the addition of resveratrol were considered as the control (100%; resveratrol,
0 uM group). n = 6 rats; n = uterine segments, n = 6; *, P < 0.05 or **, P < 0.01 vs. control group, assessed by Duncan’s multiple-range
test. Each column represents the mean = sem. Three independent experiments were done and had similar results. Six different uterine
segments prepared from different six rats were used in each experiment (n = 6). The results presented are from one of experiment,

representative of the group.

Effects of resveratrol on carbachol-induced uterine
contractions in rats

Next, we observed the effects of resveratrol on uterine
contractions induced by carbachol (10> m) in vitro. We
administered 10,25, 50,75, and 100 uM resveratrol along
with carbachol (107° M), and we found that 10-100 um
resveratrol inhibited uterine contractile force (amplitude)
and frequency in rats (n = 6 rats; n = uterine segments, n =
6; *, P <0.05 or **, P < 0.01; Duncan’s multiple-range
test) (Fig. 4) as compared with the control group.

Effect of resveratrol on PGF,_-induced uterine
contractions in vivo

To confirm the inhibitory effect of resveratrol on uter-
ine contractions 7 vivo, we measured the uterine pressure
of the rats. The rats were administered 0.5, 1, and 2 mg
resveratrol along with 0.2 mg/kg PGF,,, in the rats. Res-
veratrol treatment (0.5, 1, or 2 mg/kg) significantly re-

duced the PGF, ,-induced uterine contractions iz vivo (n =
6 rats; **, P < 0.01; Duncan’s multiple-range test) (Fig. ).

Effect of resveratrol on Ca?*-dependent
contractions

Previous studies have reported that Bay K 8644, a Ca**
channel activator, and high K" concentrations induce
uterine contractions. Administration of resveratrol (50,
75, and 100 um) along with KCl or Bay K 8644 resulted
in a dose-dependent inhibition of uterine contraction. (n =
6 rats; n = uterine segments,n = 6; *, P < 0.05 or **, P <
0.01; Duncan’s multiple-range test) (Fig. 6). To investigate
whether the inhibition of uterine contractions by resvera-
trol occurs due to the blockade of external Ca? ™ influx, we
performed the following experiments in a Ca*"-free me-
dium. In the absence of external Ca*", the spontaneous
contractions were abolished. Further, when the medium
was supplied with increasing concentrations of Ca™" from
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FIG. 2. Effect of resveratrol on oxytocin-induced uterine contractions
in the rats. Oxytocin (107° m) increased contractile force, and exposure
of rat uterine smooth muscles to vehicle (DMSO) or resveratrol (10, 25,
50, 75, and 100 uMm) inhibited the oxytocin-induced contraction in a
dose-dependent manner. Representative recordings of oxytocin-
induced contractions treated with vehicle (DMSO) only (A) and the
effects of cumulative additions of resveratrol (10-100 um) (B) are
shown. C, Dose-dependent effects of resveratrol on the mean peak
amplitude. D, Dose-dependent effects of resveratrol on the frequency.
Oxytocin-induced contractions before the addition of resveratrol were
considered as the control (100%; resveratrol, O uM group). n = 6 rats;
n = uterine segments, n = 6; *, P < 0.05 or **, P < 0.01 vs. control
group, assessed by Duncan’s multiple-range test. Each column
represents the mean = sem. Three independent experiments were
done and had similar results. Six different uterine segments prepared
from different six rats were used in each experiment (n = 6). The results
presented are from one of experiment, representative of the group.

0.05 to 5 mm, the spontaneous contractions were restored.
However, when this Ca*"-containing buffer solution was
supplemented with 100 ug/ml resveratrol, the Ca*"-in-
duced uterine contractions were not observed (Fig. 7). We
further determined the resveratrol cytotoxicity by remov-
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FIG. 3. Effect of resveratrol on Ach-induced uterine contractions in
the rats. Rat uterine segments were treated with Ach(107° m) and
exposure of rat uterine smooth muscles to vehicle (DMSO) or
resveratrol (10, 25, 50, 75, and 100 um). Representative recordings of
Ach-induced contractions treated with vehicle (DMSO) only (A) and the
effects of cumulative additions of resveratrol (10-100 um) (B) are
shown. C, Dose-dependent effects of resveratrol on the mean peak
amplitude. D, Dose-dependent effects of resveratrol on the frequency.
Ach-induced contractions before the addition of resveratrol were
considered as the control (100%; resveratrol, O uM group). n = 6 rats;
n = uterine segments, n = 6; *, P < 0.05 or **, P < 0.01 vs. control
group, assessed by Duncan’s multiple-range test. Each column
represents the mean = sem. Three independent experiments were
done and had similar results. Six different uterine segments prepared
from different six rats were used in each experiment (n = 6). The results
presented are from one of experiment, representative of the group.
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ing the resveratrol and washing the tissue with Krebs’s
solution for 20 min, then reanalyzing the tissue in the
presence of a stimulus (10~° M PGF,_). From our results,
we found that PGF,, could reverse the inhibitory effect
after removing the resveratrol (Fig. 7).
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FIG. 4. Effect of resveratrol on carbachol-induced uterine contractions
in the rats. Rat uterine segments were treated with carbachol (107> m)
and exposure of rat uterine smooth muscles to vehicle (DMSO) or
resveratrol (10, 25, 50, 75, and 100 um). Representative recordings of
carbachol-induced contractions treated with vehicle (DMSO) only (A)
and the effects of cumulative additions of resveratrol (10-100 um) (B)
are shown. C, Dose-dependent effects of resveratrol on the mean peak
amplitude. D, Dose-dependent effects of resveratrol on the frequency.
Carbachol-induced contractions before the addition of resveratrol were
considered as the control (100%; resveratrol, O wM group). n = 6 rats;
n = uterine segments, n = 6; *, P < 0.05 or **, P < 0.01 vs. control
group, assessed by Duncan’s multiple-range test. Each column
represents the mean = sem. Three independent experiments were
done and had similar results. Six different uterine segments prepared
from different six rats were used in each experiment (n = 6). The
results presented are from one of experiment, representative of the
group.

Effects of resveratrol on [Ca?*]i and MLC20
phosphorylation

To study whether resveratrol inhibits the increases in
[Ca®*]i as a result of which it exhibits an inhibitory effect
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FIG. 5. Effects of resveratrol (0.5, 1, or 2 mg/kg) on PGF, -induced
(0.2 mg/kg) uterine contractions in vivo. The rats were catheterized via
the right jugular vein and injected with PGF,_, (0.2 mg/kg) or PGF,,,
plus resveratrol (0.5, 1, or 2 mg/kg) via the jugular catheter, and the
contractions were recorded. A, Representative recordings of PGF, .-
induced contractions and the effects of cumulative additions of
resveratrol (10—100 uMm) are shown. B, Dose-dependent effects of
resveratrol on the mean peak amplitude. These results are
representative of the records of six rats (n = 6). **, P < 0.01 vs.

PGF, -treated group, assessed by Duncan’s multiple-range test. #, P <
0.05 vs. vehicle-treated group, assessed by Student’s t test. Each
column represents the mean = sem.

on muscular contraction, the HutSMCs were treated with
resveratrol (10,25, 50,75, and 100 uMm) along with PGF,,
(200 nMm). Resveratrol treatment (25-100 uM) signifi-
cantly reduced the PGF, -induced [Ca®*Ji (n = 3; **, P <
0.01; Duncan’s multiple-range test) (Fig. 8A). In contrast,
administration of resveratrol (10-100 um) had no effect
on HutSMCs number. This result imply that the decrease
in [Ca®"]i was not attributed to the cytotoxicity of res-
veratrol on HutSMCs. (Supplemental Fig. 1, published on
The Endocrine Society’s Journals Online web site at http://
endo.endojournals.org). In addition, to study whether res-
veratrol inhibits the MLC20 phosphorylation, leading to
smooth muscle relaxation, the rat uterine smooth muscle
was treated with resveratrol (10, 50, and 100 um) along
with PGF,,, (10 m). Resveratrol treatment (50—-100 pum)
significantly reduced the PGF,_ -induced MLC20 phos-
phorylation (n = 3; **, P < 0.01; Duncan’s multiple-range
test) (Fig. 8B).
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FIG. 6. Effects of resveratrol on high K* (KCI) or Bay K 8644-induced
uterine contractions in the rats. Rat uterine segments were treated
high K* (KCI 50 mm) or Bay K 8644 (10~° M) and exposure of rat
uterine smooth muscles to vehicle (DMSO) or resveratrol (10, 25, 50,
75, and 100 um). High K* (KCl) or Bay K 8644-induced contractions
before the addition of resveratrol were considered as the control
(100%; resveratrol, O wM group). n = 6 rats; n = uterine segments,
n=6;* P<0.050r** P<0.01vs. control group, assessed by
Duncan’s multiple-range test. Each column represents the mean = sem.
Three independent experiments were done and had similar results. Six
different uterine segments prepared from different six rats were used
in each experiment (n = 6). The results presented are from one of
experiment, representative of the group.
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Discussion

The present study is the first to demonstrate that resvera-
trol suppresses PGF, -induced uterine contractions. The
results demonstrated that 1) resveratrol treatment inhib-
ited PGF, .-, oxytocin-, Ach-, and carbachol-induced uter-
ine contractions in rats; 2) resveratrol inhibited uterine
contractions stimulated by the Ca** channel activator
(Bay K 8644) and depolarization in response to high K™
(KCl); 3) resveratrol inhibited PGF, -induced increases in
the [Ca®"]i in HutSMCs; 4) resveratrol could mimic Ca*
channel blockers to block Ca** influx through voltage-
operated Ca®* channels (VOCs) in the plasma membrane;
and 5) resveratrol inhibited PGF, -induced uterine con-
tractions in rats iz vivo. Thus, our study demonstrated that
resveratrol may be of potential use in the treatment or
improvement of primary dysmenorrhea. To our knowl-
edge, this is the first study demonstrating the effects of
resveratrol on uterine contraction iz vivo and in vitro, thus
partially explaining the modulatory effects of resveratrol
on female reproductive functions.

It has been previously reported that dysmenorrhea
leads to increased PG (PGE, and PGF,,) production,
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FIG. 7. Inhibitory actions of resveratrol on Ca?"-dependent contractile
responses. A, Muscle segments were initially pretreated in a Ca®"-free
medium containing the vehicle (0.2% DMSO) (upper panel) or
resveratrol (100 ug/ml) for 60 min, and calcium (0.05-5 mm) was then
cumulatively applied to trigger muscle contraction. B, We further
determined the resveratrol cytotoxicity by removing the resveratrol and
washing the tissue with Krebs's solution for 20 min, then reanalyzing
the tissue in the presence of a stimulus (10~¢ m PGF,_). The results are
representative of the records of four independent experiments (n = 4).

which may result in contraction of the blood vessels and
myometrium and insufficient blood flow to the endome-
trium, which in turn causes ischemia and the pain symp-
toms associated with dysmenorrhea (8-11). Some studies
have reported elevated PGF,, levels in women with pri-
mary dysmenorrhea (10, 11). Therefore, the role of PGs is
implicated in dysmenorrhea. It is well established that
PGF,,, increases the [Ca®"]i and then stimulates uterine
contraction (7,25, 26). In the present study, we found that
resveratrol inhibited the PGF,_-induced uterine contrac-
tions both in vivo and in vitro. Inflammation is also in-
volved in the pathogenesis of dysmenorrhea. A previous
study reported that nonsteroidal antiinflammatory drugs
could be used for the treatment of dysmenorrhea (27).
Several studies have evaluated the effect of a cyclooxy-
genase-2 (COX-2) inhibitor in treating primary dysmen-
orrhea (28, 29). A previous study has shown that resvera-
trol could inhibit lipopolysaccharide-induced COX-2
expression in RAW 264.7 macrophage cells (15); this re-
sult indicates the antiinflammatory activity of resveratrol
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FIG. 8. Inhibition of PGF,_-induced increases in [Ca®*]i and MLC20
phosphation by resveratrol in HutSMCs and rat uterine smooth muscle.
A, HutSMCs were treated with vehicle (0.2% DMSO) or resveratrol
(10, 25, 50, 75, and 100 pg/ml) along with PGF,_, (200 nwm). B, Rat
uterine segments were treated with vehicle (DMSO) or resveratrol (10,
50, and 100 ug/ml) along with PGF,, (1076 m). **, P < 0.01 vs.

PGF, -treated group, assessed by Duncan’s multiple-range test. #, P <
0.05 vs. vehicle-treated group, assessed by Student'’s t test. Each
column represents the mean = sem. The results are representative of
the records of three independent experiments (n = 3). p-S19-MLC20,
Phospho-Ser19-MLC20.

and further suggests its use for the treatment of dysmen-
orrhea. In the present study, we demonstrated that res-
veratrol inhibits PGF, -induced uterine contractions both
in vitro and in vivo. This result suggested that the admin-
istration of resveratrol might be beneficial for treating or
improving dysmenorrhea.

Anincrease in the [Ca®* Jiin the uterine smooth muscles
induces uterine contractions. Previous studies have dem-
onstrated that [Ca®"]i is regulated by two different Ca**
channels: receptor-operated channels (ROCs) and VOCs
in the uterine smooth muscles (23-25, 30). In the ROCs,
when uterotonic hormones (PGF, ,, oxytocin, Ach, or car-
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bachol) bind to membrane G protein-coupled receptors to
induce uterine contractions, the [Ca®*]i increases via both
the influx of extracellular Ca>" through Ca®" channels
and by release of intracellular stored Ca**. Our present
study found that the contraction stimulated by different
agonists, including PGF,_, oxytocin, Ach, and carbachol,
was abolished by resveratrol administration. These results
demonstrate that the relaxation effects induced by res-
veratrol are at downstream of receptors. In the VOCs,
both Ca®* channel activators (e.g. Bay K 8644) and mem-
brane depolarization caused by high K™ (e.g. high con-
centrations of KCI) can increase the Ca?" influx through
the VOCs, resulting in uterine smooth muscle contraction.
Both Bay K 8644- and high K™ -induced contractions were
also abolished by resveratrol administration. Moreover,
the spontaneous contractions stimulated by elevated ex-
tracellular Ca®* were also abolished by resveratrol treat-
ment. In addition, PGF, -increased [Ca” " ]i concentration
was also reduced by resveratrol treatment in HutSMCs.
This result demonstrated resveratrol inhibited Ca®" in-
flux, directly. Therefore, the effect of resveratrol on uter-
ine contractions could be due to its interference of ROCs
or/and VOCs. Our present study demonstrates that res-
veratrol could inhibit the [Ca®*]i increases induced by
PGF,,,, oxytocin, Ach, carbachol, KCI, and Bay K 8644
and block the Ca®* influx through ROCs and VOCs.

In the present study, we demonstrated that resveratrol
inhibits PGF, -, oxytocin-, Ach-, and carbachol-induced
uterine contractions. Resveratrol has previously been
shown to inhibit COX-2 expression in vitro (15); it could
also inhibit cancer proliferation (16, 18). In the rat mes-
enteric artery, the vasorelaxant effect of resveratrol on the
mesenteric artery was due to its interaction with VOCs
(31). Resveratrol induced vasorelaxation of mesenteric
and uterine arteries from guinea pigs (32). Resveratrol also
could inhibit the contractile activity of isolated gallblad-
der muscle; inhibition of Ca** influx through VOCs and
release of Ca®" from the sarcoplasmic reticulum are sug-
gested to be the mechanisms responsible for the inhibitory
effects (33). In uterine smooth muscle contraction, one of
the proteins involved is MLC (MLC20), which is phos-
phorylated at Ser19 and Thr18 by MLC kinase in a Ca**/
camodulin-dependent manner (34). The phosphorylated
MLC20 could interact with a-actin filaments, resulting in
uterine smooth muscle contraction. Conversely, when
MLC20 is dephosphorylated by MLC phosphatase, lead-
ing to relaxation (35). In current result, we demonstrate
that resveratrol inhibited smooth muscle contraction by
affecting MLC20 phosphorylated. The pleiotropic effects
of resveratrol on COX-2-related pathway and cell prolif-
eration were also investigated in uterine smooth muscles.
Our results suggested that resveratrol also inhibited uter-
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ine smooth muscle contraction by affecting COX-2-re-
lated pathway in rats (Supplemental Fig. 2). However, the
molecular mechanism needs further study in the future.
Furthermore, resveratrol did not affect HutSMCs viability
(Supplemental Fig. 1). Taken together, these results sug-
gest that resveratrol could inhibit PGF, -induced uterine
smooth muscle contraction in rats. Our results provided
evidences to explain why this substance can be used for the
treatment of dysmenorrhea.

The present study provides some important new in-
sights into the mechanisms of action of resveratrol on uter-
ine contractions. Therefore, whether the dose of resvera-
trol used in present study corresponds to a reasonable dose
for human use is the important issue. At the present study,
we can offer a speculative answer only. Red wine with
resveratrol content (2—6.5 mg/liter) was administered (36,
37). A recent study suggested that dose translation from
animal to human studies should use body surface area as
a factor (38). Using this approach, a dose of 2 mg per rat
translates to approximately an equivalent of 0.324 mg for
a 60-kg human. In the present study, the resveratrol (25—
100 uM) is effective in inhibiting PGF,  -induced uterine
contraction. With regard to the concentrations of resvera-
trol used in the present study, they correspond to the con-
centrations used in other in vitro studies (39-41). For
example, resveratrol inhibited the binding of vascular en-
dothelial growth factor to human umbilical vein endothe-
lial cell at concentrations of 10-100 um (40). Several an-
imal studies have been done on bioavailability of
resveratrol iz vivo. In the rat model, after oral adminis-
tration of red wine containing 6.5 mg/liter of total res-
veratrol (daily dose, 40 ug/kg) for 15 d, the peak serum
concentrations of unchanged resveratrol (~33 nm) was
observed (42, 43). In humans, the maximum plasma con-
centration of resveratrol (16.2-71.86 nmMm) was observed
after 0.2 mg/kg, iv (44). In our study, the resveratrol (0.5-2
mg/kg, iv) is effective in inhibiting PGF, -induced uterine
contraction in vivo. We suggested that the maximum
plasma concentration of resveratrol (40.5-179.6 nm) was
observed after 0.5-2 mg/kg, iv. At the present study, we
can offer a speculative answer that a daily drink of two
glasses of wine could attain the effective level. This result
indicates that resveratrol at pharmacological concentra-
tions may be effective in inhibiting PGF, -induced uterine
contraction.

In summary, the present data demonstrate that the ob-
tained fractions of resveratrol could inhibit the PGF,-
induced uterine smooth muscle contraction both i vitro
and in vivo. The inhibition of uterine smooth muscle con-
traction is, in part, due to the blockade of the ROCs and
VOCs in the rat. Thus, resveratrol seems to be of potential
use in the treatment or improvement of dysmenorrhea.

Endocrinology, May 2011, 152(5):2090-2099

However, we need additional clinical experiments to fur-
ther support this finding in the future.
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